ABSTRACT Estrogen receptor-related receptors (ERRs) belong to a subfamily of orphan nuclear receptors where the proteins are closely related to the estrogen receptors (ERs) in structure. ERR homologs have been found in many animals and play an important role in the regulation physiologic processes. We have isolated the ERR homolog, abbreviated as PvERR, from the ant Polyrhachis vicina Roger (Hymenoptera: Formicidae). The full-length cDNA of the PvERR gene is 1,918 bp, containing a 5Ј-untranslated region (5Ј-UTR) of 245 bp and a 3Ј-UTR of 368 bp. The open reading frame of 1,305 bp encodes a 434-amino acid protein. The PvERR gene is composed of eight exons and seven introns. The tertiary structure of both the DNA binding domain and the ligand binding domain (LBD) of PvERR belong to the ␣ϩ␤ type. The LBD of PvERR is formed by 11 ␣-helices without H2, and it is similar to the mammalian ERR␥ LBD of known crystal structure. Further investigation indicated the potential signiÞcance of PvERR in the regulation of development in P. vicina, due to its expression in different developmental periods and castes.
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Nuclear receptors (NR) constitute a large family of proteins that can be considered as ligand-inducible transcription factors, which bind directly to DNA and regulate expression of downstream target genes. However, putative receptor molecules for the ligands have not been found, and they are classiÞed as orphan nuclear receptors (Blumberg and Evans 1998, Giguè re 1999) . The orphan receptors are distributed in all protein subfamilies (Escriva et al. 2004, Laudet and Gronemeyer 2002) .
In mammals, estrogen receptor-related receptors as a subfamily of the orphan nuclear receptors comprise three members: ERR-␣, -␤, and -␥ (Giguè re et al. 1988 , Giguè re 2002 . These ERR proteins are closely related to the ERs in structure and bind to estrogen-response elements (Pettersson et al. 1996) . They can also bind to the steroid receptor coactivator family without any ligands and drive transcription activity of the target genes, but they are not activated by estrogen (Giguè re et al. 1988) . Several lines of evidence indicate functional interference between ERs and ERRs (Giguè re 2002). For example, these receptors may interact with each other (at least as demonstrated for ERa and ERRa), share common DNA binding sites, and may regulate identical target genes in a synergistic or antagonistic manner (Yang et al. 1996 , Vanacker et al. 1999 , Zhang and Teng, 2000 , Kraus et al. 2002 . ERRs can be involved in estrogen-signaling pathways and play certain regulatory roles in normal and neoplastic growth (Cheung et al. 2005) .
Expression studies of the ERR proteins revealed that ERR-␣ is expressed in various embryonic tissues and most adult tissues (Bonnelye et al. 1997 , Giguè re 2002 , and ERR-␥ is also widely expressed in adult tissues, such as brain, heart, kidney, or testis (Eudy et al. 1998 , Hong et al. 1999 , Lorke et al. 2000 . In contrast, ERR-␤ shows a highly restricted expression pattern during embryogenesis: the ERR-␤ message is exclusively found in a subset of extra-embryonic ectoderm cells that give rise to the chorion. This restricted pattern of expression indicates a role for the ERR-␤ during chorion formation (Pettersson et al. 1996) .
In insects, an ERR homolog gene was Þrst identiÞed in the fruit ßy, Drosophila melanogaster (Meigen), belonging to the NR3 subfamily (Laudet 1997 Here, our objective was to clone an ERR homolog from the ant Polyrhachis vicina Roger (Hymenoptera: Formicidae), abbreviated as PvERR, and to study PvERR mRNA expression patterns at distinct developmental stages and in different castes using real-time quantitative polymerase chain reaction (PCR).
Materials and Methods
Materials. P. vicina colonies were initially purchased from the Yiliwang Company, Handan City, Hebei Province, China. Ants were maintained in the laboratory in plastic boxes (20 by 20 cm 2 ) containing a ßoor made of plaster with an artiÞcial nest inside (13 by 8 cm 2 ), and they were fed sugar water and honeydew under standard laboratory conditions at 28ЊC, 40% RH, and the photoperiod was set at 10:14 (L:D) h. Embryos, larvae, pupae, workers, male, female, and winged female ants were collected, immediately immersed in liquid nitrogen, and stored at Ϫ80ЊC until use.
Full-Length PvERR cDNA Sequence Determination. Total RNA was extracted from pooled samples of 10 frozen workers (selected randomly) with the guanidine isothiocyanate, phenol and chloroform singlestep method (Wang et al. 2001) . cDNA synthesis was done using the First-Strand cDNA synthesis kit with oligo(dT) primer (MBI Fermentas, Hanover, MD) .
One fragment of ERR was obtained using a cDNA template and degenerated primers (AE1a and AE1b) (Table 1.) located in the conserved DNA binding domain (DBD) and ligand binding domain (LBD) of insect ERR (NM_168258, XM_392385, XM_321343). PCR products were cloned into PMD18-T Vector (TaKaRa, Dalian, China), and individual clones were sequenced.
The fragments obtained were compared with the published D. melanogaster sequences, conÞrming homology to D. melanogaster DERR CG7404. Based on these initial sequences, further speciÞc and degenerate primers (AE2a and AE2b; AE3a and AE3b) ( Table  1) were designed and used to obtain most of the PvERR gene coding sequence.
Rapid ampliÞcation of cDNA ends (RACE) experiments were performed with the 5Ј/3ЈRACE kit (3Ј-Full RACE Core Set and 5Ј-Full RACE Core Set, TaKaRa) following the manufacturerÕs instructions. Two speciÞc single primers were used in 3ЈRACE (3AE1 and 3AE2) ( Table 1 ) and two pairs of speciÞc primers were used in 5ЈRACE (5AE1a and 5AE1b; 5AE2a and Þve AE2b) ( Table 1) .
Determination of ERR Genomic DNA Sequence. The DNA sequence of PvERR was obtained by general PCR and long-range PCR, with genomic DNA acting as templates. Genomic DNA was extracted from 10 workers by the method of SDS-proteinase K (Tian et al. 1999) . Four fragments (A, B, C, and D) of PvERR were obtained with genomic DNA template and four pairs of speciÞc primers, AE2a and AE2b, AE3a and AE3b, AE4 and 3AE1, and AE5 and 5AE1b, were designed (Table 2 ). Long-range PCR was carried out with LA Taq polymerase (TaKaRa) according to the manufacturerÕs instructions. One pair of speciÞc primers was used (AEL1 and AEL2) ( Table 2 ). The conditions were 93ЊC for 3 min; 15 cycles of 92ЊC for 10 s, 48ЊC for 30 s, 68ЊC for 8 min; hold by 20 cycles of 92ЊC for 10 s, 48ЊC for 30 s, and 68ЊC for 8 min (increase of 20 s each cycle); 68ЊC for 7 min. PCR products was identiÞed by 1% agarose gel electrophoresis.
Sequence Analysis. The open reading frame (ORF) of PvERR gene was obtained by means of the online tool National Center for Biotechnology Information (NCBI) ORF Finder (http://www.ncbi.nlm.nih.gov/ gorf/orÞg.cgi). Homologous analysis and conserved domain search was performed by position-speciÞc iterated and pattern-hit initiated (PHI-BLAST) (Alts- Degenerated primers, AE1a and AE1b, AE2a and AE2b; AE3a and AE3b, were used in the PCR to obtain the fragments I, II, and III of ERR. Two speciÞc single primers, 3AE1 and 3AE2, were used in 3ЈRACE; two pairs of speciÞc primers (5AE1a and 5AE1b; 5AE2a and 5 AE2b) were used in 5ЈRACE; and two pairs of speciÞc primers (Ssr1 and Ssr2; Ssa1 and Ssa2) were used in real-time PCR. AE3b  CATYTCDACRAASAGCTTGTTCAT  C  3AE1  CCACGCAGAATATGTTCCTA  AE4  TTACCGCCGGAGACATTAGCC  D  AE5  GTTTGTATGATGTCTGACGCTAC  5AE1b ACGCTTCGCACGAGGCAAC  E  AEL1  TAGGTCGGGCAGGTGACAGGAGG-TGATTT  AEL2 ACAGAGTCTTCTGGGTATCATATC-CTCTTCTT Four pairs of speciÞc primersÑAE2a and AE2b, AE3a and AE3b, AE4 and 3AE1, and AE5 and 5AE1bÑwere used in the PCR to obtain the four fragments (A, B, C, and D) of ERR with genomic DNA template. And one pair of speciÞc primers, AEL1 and AEL2, was used in the long-range PCR to obtain the fragment E. chul et al. 1997 chul et al. , Schäffer et al. 2001 . For determining intron/exon junctions, sequences obtained from cDNA and genomic DNA were aligned and compared by the Genetic Computer Group (GCG; Accelrys Inc., San Diego, CA) software.
Structure Prediction. The secondary structure of the PvERR protein was predicted by APSSP2 (http:// imtech.res.in/raghava/apssp/), and the tertiary structure of DBD and LBD of ERR protein were predicted by Swiss model First Approach Mode (http://swissmodel.expasy.org/). Two protein models, 1LO1 (Human ERR␤ DBD, sequence identity, 84%; NMR resolution, 99.9; E value, 1.17e-41) and 2gpuA (Human ERR␥ LBD, sequence identity, 39%; X-ray resolution, 1.70; E value, 1.77e-37) were chosen in the prediction, respectively.
Molecular Phylogeny. Predicted amino acid sequences were aligned automatically by ClustalX with manual correction in SeaView (Galtier et al. 1996) . Phylogenetic reconstruction was performed using amino acid alignments. Only complete sites (no gaps) were used. A tree was constructed by the neighborjoining method (Saitou and Nei 1987) with Poissoncorrected distances on amino acids implemented in Mega 3.1 (Kumar et al. 2004 ). Reliability of nodes was estimated by 1,000 bootstrap replicates (Felsenstein 1985) . Human ERR was used as outgroup.
Semiquantitative Real-Time PCR. Real-time PCR was conducted in an ABI Prism 7700 sequence detection system (Applied Biosystems, Foster City, CA) with the SYBR Premix Ex Taq (Perfect Real Time, TaKaRa). Reactions were carried out for PvERR with the ␤-actin gene used as a constitutive control in studies of gene expression. Primer pairs used for real-time PCR were designed with one of them spanning the boundary between two exons of the cDNA sequence to avoid any unwanted ampliÞcation of genomic DNA contaminants of the RNA samples. Control reactions were carried out using genomic DNA as a template, and no products were detected. The primers used for the PvERR gene were Ssr1 and Ssr2 (Table 1) , amplifying a fragment of 82 bp when using cDNA as a template and reading temperatures of 57ЊC. For the ␤-actin gene, the pair of primers adopted was Ssa1 and Ssa2 (Table 1 ) and a reading temperature of 57ЊC. In the real-time PCR, the following cycling conditions were used: hold at 95ЊC for 1 min: 40 cycles of two temperatures: 95ЊC for 10 s, 57ЊC for 30 s. The speciÞcity of the ampliÞcation was controlled by the fusion temperature of the amplicons. All RT-PCR reactions were performed in triplicate. The relative quantiÞca-tion of PvERR gene in each sample was determined using the comparative CT method, also known as the ⌬⌬CT method, or the 2 Ϫ⌬⌬C T method (Livak and Schmittgen 2001, Pfafß 2001) , having the constitutive gene ␤-actin as the endogenous control. Standard curves were constructed for PvERR and ␤-actin primers to validate the application of the comparative CT method. Analysis of the data was carried out using SPSS 11.5 (SPSS Inc., Chicago, IL). Analyses of variance (ANOVAs) were used to compare each set of data. Variations were signiÞcant with at least P Ͻ 0.05.
Four larval stages (L1, L2, L3, and L4), pupae and four adult castes (worker, male, winged female, and queen) of P. vicina were used in these experiments. Total RNA extractions were performed using the guanidine isothiocyanate, phenol, and chloroform singlestep method (Wang et al. 2001) . cDNA synthesis was conducted using the RevertAid First-Strand cDNA synthesis kit (MBI Fermentas) and oligo(dT). Reverse transcription was carried out at 70ЊC for 5 min, 37ЊC for 5 min, 42ЊC for 1 h, and 70ЊC for 10 min.
Results
PvERR cDNA and Genomic DNA Sequence. PvERR cDNA was cloned by homology PCR and RACE. The full length of the PvERR cDNA sequence is 1935 bp and contains a 1,305 bp ORF that encodes the 434 amino acid protein (Fig. 1) . The length of the 5Ј-and 3Ј-UTRs are 245 bp and 385 bp, respectively. There is an in-frame stop codon (at position Ϫ54 to Ϫ52), and a Kozak sequence (5Ј-CCATGG-3Ј) in 5Ј-UTR and a 17-bp poly(A) tail in 3Ј-UTR. The GenBank accession number of the full PvERR mRNA sequence is EF474463.
All introns were determined by aligning and comparing cDNA and genomic DNA by using the GCG software. Seven introns were mapped in the gene and their approximate positions are indicated in Fig. 1 . The precise size of Þrst intron could not be determined. The intron sizes in base pairs are in parentheses: 1) 269 (Ͼ4,000), 2) 418 (612), 3) 531 (104), 4) 664 (236), 5) 867 (408), 6) 1,010 (107), and 7) 1,211 (337).
Protein Structure Prediction. The sequence predicted protein contains 434 amino acids and shares 50% identity with D. melanogaster DERR (GenBank accession no. NP_729340) and 89.9% with Apis mellifera (L.) AmERR (GenBank accession no. XP_392385) (Fig. 2) . Two conserved domains of the amino acid sequence were deduced on NCBI by using PSI and PHI-BLAST. The Þrst is C4 zinc Þnger of the nuclear hormone receptors, located in the sequence from 105 to 177. The second is the LBD of the hormone receptors, located in the sequence from 244 to 401.
The predicted secondary structure of the PvERR protein shows that there are four ␤-strands and three ␣-helices in the DBD (105Ð107), and two ␤-strands and 11 ␣-helices in the LBD (206 Ð 429). The DBD is a character with two zinc-Þnger structures: one structure is composed of the cysteine residues located in the sequence at 110, 113, 117, and 120; the other structure is composed of the cysteine residues in the sequence at 136, 142, 152, and 155. The LBD of PvERR is formed by 12 ␣-helices, in general without H2 (Fig.  3) , which is similar to the mammalian ERR␥ LBD of known crystal structure.
Results of the tertiary structure prediction from the Swiss model First Approach show that the tertiary structure of the DBD and LBD of PvERR both belong to the ␣ϩ␤ type (Fig. 4) . The former is composed of four ␤-strands and three ␣-helices, and the latter is composed of two ␤-strands and 11 ␣-helices. The DBD of PvERR is similar to the model of human ERR␤ protein (1LO1). The difference between LBD tertiary structure of PvERR and Human ERR␥ is in the length of the ninth and 10th helices.
Molecular Phylogenic Tree Construction. Phylogenetic trees including known homologs of ERR protein sequences of P. vicina (GenBank accession no. EF474463), D. melanogaster (GenBank accession no. NP_729340), A. mellifera (GenBank accession no. XP_392385), An. stephensi (GenBank accession no. BAE96770), D. pseudoobscura (GenBank accession no. XP_001354210), An. gambiae (GenBank accession no. XP_321343), N. vitripennis (GenBank accession no. XP_001604033), T. castaneum (GenBank accession no. XP_001812322), Cx. pipiens (GenBank accession no. XP_001862599), and Ae. aegypti (GenBank accession no. EAT34188), were constructed using the neigh bor-joining method with Poisson correction (Fig.  5) , with Homo sapiens L. (GenBank accession no. NP_004443) used as outgroup. It was found that the two sequences of P. vicina and A. mellifera cluster together as expected (Fig. 5) . Results from phylogenetic analysis revealed that PvERR shares 89.9% identity with A. mellifera AmERR; 50.2Ð53% identity with A. stephensi ERR, Ae. aegypti ERR, and D. melanogaster DERR; and 37.6 Ð 44% identity with human ERRs. As expected, the phylogenetic relationship of PvERR and AmERR is closer to human ERRs than to DERRs in the evolutionary pathway.
Semiquantitative Analysis of ERR Expression. The relative level of expression of the PvERR gene mRNA in different developmental periods and castes was analyzed in comparison with the amount of expression in Þrst stage larvae (L1) by the method of 2 Ϫ⌬⌬CT , using ␤-actin as the endogenous reference. Figure 6 illustrates the changes in relative abundance of PvERR mRNA in the different developmental periods. The relative abundance of PvERR mRNA increases gradually from L1 to L2, decreases slightly in L3, and thereafter increases. There is no signiÞcant difference in the expression level of the PvERR gene in the three larval stages L1, L2, and L3. The expression level increases slightly, but signiÞcantly, in L4 and pupae, but major increases occur in adults with the queen showing the highest level (Fig. 6 ).
Discussion
Here, we isolated and characterized a full-length cDNA sequence of ERR homolog from the ant species P. vicina. The PvERR gene most closely resembles the human ERRs in both DBD (Ϸ84%) and the LBD (Ϸ40%). It shares 89.9% identity in amino acids sequence with the predicted ERR of A. mellifera (GenBank accession no. XP_392385). The ERRs of dipteran insects are all in 50.2Ð53% range, and the human ERR␣, ERR␤, and ERR␥ range from 37.6% to 44%, which indicates the ERR gene is conserved in evolutionary pathways. After comparison, it can be suggested that the phylogenetic relationship of the PvERR and AmERR with human ERRs is closer than the DERR is with human ERRs. This is similar to the result of A. mellifera genes in circadian rhythm, RNA interference, and DNA methylation (Honey Bee Genome Sequencing Consortium 2006).
Based on the predicted secondary and tertiary structure of the PvERR protein, the DBD is well conserved in sequence and structure, and the structure of LBD is quite similar to the mammalian ERR␥ LBD of . vicina, A. mellifera, D. melanogaster, D. pseudoobscura, An. gambiae, N. vitripennis, T. castaneum, Ae. aegypti, Cx. pipiens , and An. stephensi using ClustalX method. Asterisk (*) indicates the same amino acids; : and . show the degree of conservation of different amino acids; [] shows the conserved domain ZnF_C4 and HOL1 of the ERRs; and rectangular frame indicates the difference in the hinge region of PvERR and other ERR homologs. Fig. 3 . Predicted secondary structure of the PvERR protein using APSSP2. AA, amino acids; prediction (Pred) shows the predicted corresponding secondary structure state (H-Ͼ helix; E-Ͼ Strand; C-Ͼ Coil); conÞdence (Conf) with the probability of correct prediction. known crystal structure. Furthermore, three crucial amino acid residues for preventing the recognition of estradiol also are observed in the LBD of the PvERR protein. The LBD of ERR␥ activates transcription in a constitutive manner when fused to the GAL4 DBD, and it is not affected by estradiol. According to a suggestion that ERRs bind to the steroid receptor coactivator family without any ligands and drive transcription activity of the target genes (Fujimoto 2005) , a hypothesis that the PvERR also activates transcription in a constitutive manner, and it is not affected by estradiol has been conÞrmed in this study. Giguè re (2002) concluded that ERR interferes or collaborates with estrogen signaling. In insects, ecdysone is a counterpart of estrogens in mammals, so our research suggests that PvERR may interfere or collaborate with ecdysone signaling. All of those suggestions need to be conÞrmed by further experiments.
The genomic organization of the insect ERRs gene has provided new information. There are only two introns in the DERR gene (Ostberg et al. 2003) , seven introns in both of the PvERR and the predicted AmERR gene, the latter being similar to the mammalian ERRs. This may imply that the number of introns tends to increase during evolution. The hinge region of the nuclear receptors is highly variable in length and primary sequence, and its main function is to serve as a hinge between DBD and LBD (Giguè re 1999). It may also serve as a docking site for corepressor proteins (Horlein et al. 1995, Chen and Evans 1995) . There is an obvious difference in the length and primary sequence of the hinge region between DERR and PvERR; the former possesses an additional 45 amino acid residues in the hinge region (Fig. 3) .
Research on the expression patterns of ERRs indicates an important effect in the development and . Neighbor-joining tree by using ERR amino acid sequences of different insect species (P. vicina, A. mellifera, D. melanogaster, D. pseudoobscura, An. gambiae, N. vitripennis, T. castaneum, Ae. aegypti, Cx. pipiens, and An. stephensi) with H. sapiens used as outgroup. Numbers on the nodes represent the percentage bootstrap values based on 1,000 replicates. Poisson corrected distances and complete deletion of regions with gaps were used. differentiation of speciÞc tissues in the mouse (David et al. 2000) . The relative quantiÞcation expression of the mRNA level of the PvERR gene in different developmental periods and castes were analyzed in P. vicina by the method of 2
Ϫ⌬⌬CT
. The results illustrate that the expression of PvERR increases gradually with development, which implies that PvERR is involved in the development of this ant. A remarkable increase of the relative expression protein of PvERR from pupa to adult may suggest an important role in differentiation of tissues. The abundant expression of PvERR in adults suggests a broad expression pattern, as in mammalian ERRs, and the different expression in castes is relevant to their function in a social community.
In the current study, we isolated and characterized an ERR homolog from P. vicina, abbreviated as PvERR. It was indicated that the evolutionary pathways of ERR genes in animals, especially insects is similar. PvERR has a high similarity to mammalian ERRs in both sequence and structure of the DBD and LBD, which implies that PvERR may be evolutionarily related to the mammalian ERRs. The expression of PvERR in the different developmental periods and castes of P. vicina suggests that the PvERR protein may play a role in regulating ant development through hormone production. However, more evidence is needed to elucidate the precise role of PvERR in insect development. 
